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Abstract

Background—The serotonin transporter 5-HTT mediates responses to serotonin reuptake
inhibitors (SSRIs), a mainstay treatment in mood disorders. The amygdala, a key emotional
processing center, has functional abnormalities in mood disorders, which resolve following
successful SSRI treatment. To better understand the effects of SSRIs in mood disorders, we examined
the distribution of 5-HTT labeled fibers relative to specific nuclear groups in the amygdala.

Methods—Immunocytochemical techniques were used to chart 5-HTT labeled fibers in the
amygdala in coronal sections through the brain of six adult Macaques. Nissl staining was used to
define nuclear groups in the amygdala.

Results—The serotonin transporter 5-HTT is distributed heterogeneously in the primate amygdala,
with the lateral subdivision of the central nucleus, intercalated cell islands, amygdalohippocampal
area, and the paralaminar nucleus showing the heaviest concentrations.

Conclusions—5HTT-labeled fibers are very densely concentrated in output regions of the
amygdala. High concentrations of 5-HTT-positive fibers in the central nucleus indicate that tight
regulation of serotonin is critical in modulating fear responses mediated by this nucleus. High
concentrations of 5-HTT-labeled fibers in the intercalated islands and parvicellular basal nucleus/
paralaminar nucleus, which contain immature -appearing neurons, suggest a potential trophic role
for serotonin in these subregions.
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The link between serotonin (5-hydroxytryptamine, 5-HT) and mood disorders, particularly
depression, has driven pharmaceutical development and modeled clinical thinking for many
years. The serotonin hypothesis of depression was based on studies showing low levels of SHT
metabolites in response to probenecid in depressed individuals (Van Praag 1977), decreased
central 5-HT in the brains of suicide victims (Pare et al 1969), and reports of antidepressant
effects of tryptophan, a serotonin precursor (Agurell 1983; Asberg et al 1976; Berger 1975).
Such ideas led to the development of selective serotonin reuptake inhibitors (SSRIs), drugs
that competitively bind the serotonin transporter (5-HTT) on the presynaptic terminal and serve
to acutely elevate synaptic levels of serotonin (Hyttel 1984; Tatsumi et al 1997). However,
while SSRIs act to increase serotonin levels immediately (Guan and McBride 1988), clinical
effects are observed 2—-3 weeks later, suggesting additional mechanisms of response (for review
see Asberg et al 1986). Recently, the “‘neurotrophic’ hypothesis suggests that enhanced

Address reprint requests to Dr. Julie L. Fudge, Department of Psychiatry, University of Rochester School of Medicine and Dentistry,
601 EImwood Avenue, Rochester, New York, 14642; E-mail: julie_fudge@urmc.rochester.edu.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

O’Rourke and Fudge

Page 2

serotonin stimulates neuronal growth and proliferation, which may in turn enhance function
of emotional circuitry (Duman 1998; Kempermann and Kronenberg 2003).

The amygdala is a prominent limbic structure which plays a role in emotional processing.
During major depressive episodes, the amygdala shows metabolic abnormalities, including
both elevated resting cerebral blood flow and glucose metabolism in specific subgroups of
depressed patients (Drevets et al 2002a, 2002b; Drevets and Raichle 1992; Ketter et al 2001;
Nofzinger et al 1999). However, chronic effective antidepressant therapy with SSRIs
normalizes these parameters (Drevets et al 2002a, 2002b; Sheline et al 2001). The correction
of amygdaloid functional abnormalities correlates with clinical improvement and with known
onset of action of the SSRIs (Drevets et al 2002a; Sheline et al 2001). This suggests that
augmented serotonergic transmission correlates temporally with reversal of both symptoms
and functional pathology of the amygdala.

While the amygdala has traditionally been thought of as a homogenous structure, it is composed
of multiple nuclei, which are highly interconnected (Aggleton 1985; Pitkanen et al 1997). The
basolateral nuclei (basal, lateral, and accessory basal nuclei) of the amygdala are generally
regarded as the nuclei which link emotional meaning to complex sensory cues, for example in
fear conditioning paradigms (Campeau and Davis 1995; Killcross et al 1997; Parkinson et al
2000; Burns et al 1996; LeDoux et al 1990). The basolateral complex receives converging
inputs from the sensory association cortex, the orbital and medial prefrontal cortex, and the
hippocampus (Aggleton et al 1980; Carmichael and Price 1996; Ghashghaei and Barbas
2002; Saunders et al 1988; Stefanacci and Amaral 2000, 2002; Turner et al 1980). The
corticomedial nuclei include poorly differentiated cortical regions on the medial amygdaloid
surface, which are thought to mediate emotional processing involving olfaction (Price 1973).
The central nucleus is a key output area that receives inputs from virtually all other amygdaloid
nuclei, and sends efferents to the hypothalamus and brainstem (Aggleton et al 1987; Amaral
et al 1982; Fudge and Haber 2000; Price and Amaral 1981). Through its subcortical outputs,
the central nucleus mediates fear responses, including freezing, startle, and autonomic changes
(Applegate et al 1983; Campeau et al 1997; Gray 1993; Hitchcock and Davis 1991; Kalin et
al 2004; Kapp et al 1979) (however, see Koo et al 2004). The intercalated cells are clusters of
small neurons interspersed in fibers that course around the major amygdala nuclei. While
relatively neglected compared to other amygdala regions, recent studies show that the
intercalated cell islands are important in tightly regulating trafficking of information from the
basolateral nuclei to the ‘output station’ of the central nucleus (Quirk et al 2003; Royer et al
1999). The morphology and chemical profile of the intercalated cells suggests that they are
GABAergic (inhibitory) neurons, and are composed, in part, of immature neurons in the
primate (Fudge 2004; Millhouse 1986; Pitkanen and Amaral 1994).

The serotonergic innervation of the primate amygdala has been established for years (Azmitia
and Gannon 1986; Felten and Sladek 1983; Freedman and Shi 2001; Sadikot and Parent
1990). However, despite the fact that the amygdala contains some of the highest 5HT levels
in the brain (Azmitia and Gannon 1986), there is little information on the specific innervation
of discrete nuclei by fibers containing 5-HTT. Since different amygdaloid nuclei mediate
distinct components of emotional processing, we examined the relative distribution of the 5-
HTT positive fibers in specific amygdala subregions. We used immunocytochemistry for 5-
HTT as a way to look at the precise anatomic innervation by serotonergic fibers, since 5HT is
also found in extra-neuronal structures (for review see Azmitia 1999), and because 5-HTT is
the site of SSRI action. The specific distribution of 5-HTT positive fibers provides one index
of the relative effects of SSRIs on various amygdala subregions.
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Methods and Materials

Tissue Preparation

Five adult male macaques (cases J1, J2, J3, J5, J6) and one adult female (case J7) were used
in these studies. Two animals were approximately 2 years old (juvenile), two animals were 3
years old, one animal was 4 years old, and one animal was 8 years old (young adults). All
experiments were carried out in accordance with National Institutes of Health guidelines.
Experimental design and techniques were aimed at minimizing animal use and suffering, and
were reviewed and approved by the University of Rochester Committee on Animal Research.
Following initial anesthesia by an intramuscular injection of ketamine (10 mg/kg), animals
were deeply anesthesized with intravenous pentobarbitol. They were perfused through the heart
with saline, followed by a 4% paraformaldehyde solution in .1M phosphate buffer (pH 7.4).
The brains were cryoprotected in 4% paraformaldehyde overnight and then in increasing
gradients of sucrose (10%, 20%, and finally 30%). Serial sections of 50 um were cut on a
freezing microtome into .1M phosphate buffer or cryoprotectant solution. Adjacent sections
were processed individually for 5-HTT and Nissl staining. Additional compartments were
double-stained for 5-HTT and Nissl. Comparisons were also made with adjacent compartments
immunostained for 5HT.

Immunocytochemistry

Analysis

Results

Sections to be immunoreacted for 5-HTT were rinsed thoroughly in .1 M phosphate buffer (pH
7.4) containing .3% Triton-X (PB-T), and then incubated for 4 nights in primary antibody
(1:150,000 dilution [human anti-mouse, MAB Technologies, Inc., Stone Mountain, Georgia])
diluted in a solution containing 10% normal goat serum and .5% bovine serum albumin (Sigma,
St. Louis, Missouri) in PB-T. The 5-HTT molecule was then visualized using the avidin-biotin
reaction (Vectastain ABC Kit, Vector Labs, Burlingame, California). Control sections in which
the primary antibody was omitted were processed simultaneously and failed to show labeling.
These sections were processed in parallel with 5-HT labeled sections according to the
procedure above, using anti-5HT (rabbit polyclonal, 1:100,000 Immunostar, Hudson,
Wisconsin). Staining for all reactions was enhanced by incubating the sections for 1-3 minutes
in 3,3' diaminobenzidine tetra-hydrochloride (DAB) and .01% H,0O, intensified with 1% cobalt
chloride and 1% nickel ammonium sulfate. Sections were then mounted on gelatin-coated
slides, dehydrated, and cover-slipped.

Sections through the amygdala labeled with 5-HTT antibody were examined under bright field
and dark field illumination. Fibers were charted by hand using the 10X objective and a drawing
tube attached to the microscope. Charts were then scanned into the computer in the application
Adobe Photoshop 6.0 using an Epson 3200 scanner. Scanned charts were converted to bitmaps
and imported into the drawing program Adobe Illustrator 10.0. Nuclear boundaries were
determined using Nissl and acetylcholinesterase (AChE)-stained adjacent sections. Additional
compartments were counter-stained with cresyl violet. For analytical purposes, the relative
concentrations of labeled fibers were classified along a gradient: + (light), ++ (moderate), ++
+ (moderately heavy), ++++ (heavy).

Nomenclature of the Monkey Amygdaloidal Complex

Definitions of Subdivisions of the Amygdala (Figure 1A—-D)—The amygdaloidal
complex is detailed using the nomenclature of Price, Amaral, and colleagues, according to
cytoarchitectural and histochemical characteristics described previously (Amaral and Bassett
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1989; Price et al 1987). The lateral (L), basal (B), and accessory basal (AB) nuclei collectively
make up the basolateral complex (Figure 1A-D). The lateral nucleus is differentiated from the
basal nucleus by its smaller cells and lower concentrations of AChE. Caudally, the lateral
nucleus can be subdivided into dorsomedial and ventrolateral divisions. The basal nucleus is
composed of the parvicellular (Bpc), intermediate (Bi), and magnocellular (Bmc) subdivisions,
which are differentiated both cytoarchitecturally and by an increasing gradient of AChE
staining. The basal nucleus is bordered at its rostral and caudal poles by the paralaminar
nucleus, a highly cellular nucleus that is best appreciated in Nissl-stained sections. The
paralaminar nucleus has been considered part of the basal nucleus in the primate (Crosby and
Humphrey 1941; Amaral and Price 1984). The accessory basal nucleus is subdivided into
parvicellular (ABpc), magnocellular (ABmc), ventromedial (ABvm) subdivisions. The ABmc
and ABvm have intermediate AChE staning while the parvicellular subdivision has little AChE
activity. The anterior cortical nucleus (CoA), the medial nucleus (M), posterior cortical nucleus
(CoP), and the periamygdaloid cortex (PAC) comprise the “corticomedial” structures. The
PAC is a heterogeneous two to three-layered cortex, that merges caudally with the
amygdalohippocampal area (AHA) and the rostral entorhinal cortex. The AHA, an
undifferentiated cortical area, is dense with small cells and high AChE staining, and serves as
a bridge between the caudal PAC and the subiculum of the hippocampus. The intercalated
islands are groups of small, dark staining cells often surrounded by a fibrous capsule, which
are lodged in fibers surrounding the major amygdaloid nuclei. Like the paralaminar nucleus,
they are best appreciated in Nissl stained sections. The central nucleus is located in the caudal
half of the primate amygdala and is contiguous with the anterior amygdaloid area rostrally. It
is composed of two main subdivisions, medial and lateral. The medial subdivision of the central
nucleus has small to medium sized cells and shows moderate staining with AChE. The lateral
subdivision is an ovoid structure surrounded by a fibrous capsule and is characterized by low,
homogeneous AChE activity.

5-HTT in the Amygdaloid Subregions

The serotonin transporter (5-HTT) is distributed throughout the primate amygdala with
virtually no anatomic areas devoid of labeling by 5-HTT-positive fibers. However, there is a
differential distribution of labeled fibers within specific subregions, as detailed below (Figure
2A-F). The majority of 5-HTT positive fibers are thin and very finely beaded, although thick
nonvaricose fibers are seen coursing through the amygdala. The latter were interpreted as
nonterminating fibers of passage and were not charted. The distribution of labeled fibers was
similar in all animals studied, and there were no apparent gender differences based on
comparisons with one female animal (J7). We also did not appreciate significant
interhemispheric differences in the distribution of 5-HTT positive fibers. However, subtle but
potentially meaningful differences in the quantities of 5-HTT protein cannot be detected by
immunocytochemical techniques, which is most useful in detecting the fine anatomy and
relative concentrations of labeled fibers.

Basal Nucleus/Paralaminar Nucleus—The basal nucleus showed variable
concentrations of 5-HTT positive fibers throughout the rostrocaudal extent of the amygdala.
At rostral levels, the magnocellular subdivision contained moderate to moderately heavy
concentrations of labeled fibers (Figure 2A-B). The intermediate subdivision and parvicellular
subdivisions contained light to moderate concentrations of labeled fibers, with the exception
of the paralaminar nucleus, which was outlined with high concentrations of 5-HTT
immunoreactive fibers. At central levels of the amygdala, 5-HTT immunoreactive fibers were
seen in a light to moderate, diffuse meshwork across all subdivisions (Figure 2C-D). At caudal
levels, 5-HTT labeled fibers were densely concentrated in the caudal paralaminar nucleus at
its junction with the lateral ventricle (Figure 2E and 3B). The basal nucleus proper contained
a moderate innervation of labeled fibers.
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Lateral Nucleus—The lateral nucleus showed differential labeling in a rostro-caudal and
dorsal-ventral gradient. In rostral sections, the lateral nucleus had light concentrations of 5-
HTT labeled fibers (Figure 2A). However, at central levels where the two main subdivisions
of the lateral nucleus are first seen, distinct staining patterns emerged. The ventrolateral
subdivision of the lateral nucleus contained light concentrations of labeled fibers while the
dorsomedial subdivision had moderate concentrations of 5-HTT positive fibers (Figure 2B-
D).

Accessory Basal Nucleus—The magnocellular subdivision of the basal nucleus had
moderately heavy concentrations of 5-HTT positive fibers (Figure 2A-D). In contrast, the
parvicellular subdivision maintained light concentrations of labeled fibers throughout its
rostrocaudal axis. The ventromedial subdivision, which is caudal and medial to the
magnocellular and parvicellular subdivisions, had moderately heavy concentrations of labeled
fibers similar to the magnocellular subdivision (Figure 2D).

Corticomedial Amygdala—The piriform cortex is just anterior to the anterior cortical
nucleus and merges with it. Both structures are densely innervated by 5-HTT positive fibers
(Figure 2A-B). Caudal to the anterior cortical nucleus, the medial nucleus had reduced
densities of 5-HTT positive fibers, although the dorsal rostral medial nucleus had a high
concentration of labeled fibers similar to that in the anterior cortical nucleus (Figures 2C-F,
4A-B). The posterior cortical nucleus also had relatively few 5-HTT labeled fibers (Figure
2E). The thin molecular layer (layer 1) of both the medial nucleus and posterior cortical nucleus
contained moderate densities of labeled fibers, similar to the rest of the medial cortical
structures (Figure 2D-E). The periamygdaloid cortex had moderately heavy concentrations of
5-HTT positive fibers in Layer 1, with occasional dense patches of labeled fibers in Layer II.
The amygdaloid and hippocampal portions of the amygdalohippocampal (AHA) area, visible
in the caudal sections (Figure 2E-F, respectively), showed a heavy concentration of 5-HTT
labeled fibers (Figure 5A-B).

Central Nucleus—The lateral subdivision of the central nucleus stood out as containing
among the highest density of 5-HTT labeled fibers in the amygdala, particularly at its caudal
pole (Figure 2D-F, Figure 4A-B). Only the rostral-most aspect of the lateral subdivision of
the central nucleus contained a light concentration of labeled fibers (Figure 2C). In contrast,
the medial subdivision of the central nucleus had more moderate concentrations of 5-HTT
labeled fibers throughout.

Intercalated Islands—The intercalated islands showed heavy concentrations of 5-HTT
immunoreactive fibers. At rostral levels, dense concentrations of 5-HTT labeled fibers
overlapped a small intercalated island embedded in the anterior amygdaloid area and a much
larger island interposed between the basal nucleus and accessory basal nucleus (Figure 2A) At
levels slightly caudal to this, a relatively large intercalated island was seen in the anterior
amygdaloid area, which again contained a high concentration of labeled fibers. Densely
concentrated 5-HTT labeled fibers overlaid intercalated cells which were interspersed between
the magnocellular and intermediate subdivisions of the rostral basal nucleus (Figure 2B). At
central levels of the amygdala, small intercalated islands dotted the area between the central
nucleus and the basal and magnocellular accessory basal nuclei. These contained many 5-HTT
immunoreactive fibers. There were also intercalated islands containing 5-HTT labeled fibers
between the lateral nucleus and magnocellular basal nucleus, and interposed between the
parvicellular and ventromedial subdivisions of the accessory basal nucleus (Figure 2C-D,
Figure 3A). In caudal sections, a small intercalated island containing labeled fibers was seen
between the medial and central nucleus, and several small densely innervated intercalated
islands were lodged in fiber tracts surrounding the basal nucleus (Figure 2E, F).
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Discussion

Summary of Findings

While the entire primate amygdala is innervated by 5-HTT immunoreactive fibers, there are
significant differences in the relative concentrations of 5-HTT labeled fibers within specific
subregions (Table 1). Overall patterns of 5-HTT immunoreactivity were similar to those
achieved with 5-HT labeling. However, the fine details of fiber plexi, particularly within small
structures such as the intercalated islands, were much harder to appreciate with the latter. Based
onour 5-HTT results, heavy concentrations of labeled fibers exist in the intercalated cell islands
(Figure 3A), the paralaminar nucleus near the lateral ventricle, the amygdalohippocampal area
(Figures 3B, Figure 5), and the lateral subdivision of the central nucleus (Figure 4). Moderately
heavy concentrations of labeled fibers were found in the anterior cortical nucleus, the
periamygdaloid cortex (layer I), and the magnocellular and ventromedial subdivisions of the
accessory basal nucleus. The medial subdivision of the central nucleus, dorsal subdivision of
the lateral nucleus, and rostral magnocellular and caudal parvicellular subdivisions of the basal
nucleus contained moderate concentrations of labeled fibers. Several amygdaloid subregions
had a relatively light, diffuse meshwork of 5-HTT labeled fibers: the posterior cortical nucleus,
the ventrolateral subdivision of the lateral nucleus, the medial nucleus (except for its rostral
dorsal sector), and the parvicellular subdivision of the accessory basal nucleus. 5-HTT labeled
fibers in the paralaminar nucleus followed its sheet-like course under the basal nucleus to
envelope the rostral dorsal pole of the basal nucleus. The density of labeled fibers in the
paralaminar nucleus was variable, with relatively high concentrations of labeled fibers near
the lateral ventricle (Figures 2E, 3B, 5A-B) and surrounding the dorsal basal nucleus (Figure
2A). Relatively lighter densities of labeled fibers occupied the paralaminar nucleus at central
levels of the basal nucleus.

Comparison with Previous Studies

While previous primate studies have examined the distribution of serotonin via
immunofluorescence and immunostaining for 5SHT (Azmitia and Gannon 1986; Sadikot and
Parent 1990), this is the first study to examine the differential innervation of the amygdaloid
nuclei by 5-HTT immunoreactive fibers. Our findings are generally consistent with one
previous study of 5-HT immunoreactivity in New World monkeys, with several important
exceptions (Sadikot and Parent 1990). Similarities include relatively high concentrations of
5HT- or 5HTT-labeled fibers in the amygdalohippocampal area, periamygdaloid cortex, and
in the anterior cortical nucleus. Low concentrations of 5-HT and 5-HTT labeled fibers are
found in the medial nucleus of each species, respectively, a result also consistent with one
previous study of the Macaque ‘extended amygdala’ (Freedman and Shi 2001). However, in
the New World monkey, the lateral subdivision of the central nucleus contains relatively low
5HT immunoreactivity, in contrast to very heavy concentrations of 5-HTT (and 5HT) labeled
fibers in Macaques (Figure 5A and B) (see also Freedman and Shi 2001). Another discrepancy
is the relative lack of 5SHT immunoreactivity in the intercalated islands of the squirrel monkey,
which stands in contrast to the present results in the Macaque (Figure 3A) (see also Freedman
and Shi 2001). In rodents, SHT levels in the central nucleus and intercalated islands are closer
to the results in the squirrel monkey, rather than the Macaque, despite a similar distribution of
5HT labeled fibers in other amygdaloid nuclei (present results; Freedman and Shi 2001;
Steinbusch 1984). One study shows relatively densely concentrated 5-HTT immunoreactive
fibers in the basal nucleus of the rodent with moderate concentrations in the dorsal lateral
nucleus; however, other nuclei are not described (Sur et al 1996). Differences in the relative
density of 5-HTT/SHT in the central nucleus may be a true species difference, or reflect
difficulties in identifying the components of the central nucleus across species. For example,
in Macaques and humans, the lateral subdivision of the central nucleus has low, homogeneous
levels of AchE (Amaral and Bassett 1989; DeOlmos 1990; present results), in contrast to the
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‘moderately dense’ AChE staining described in New World monkeys (Sadikot and Parent
1990). The central nucleus in humans and Macaques shares a similar, though not identical,
distribution of neuropeptides, which vary somewhat from the pattern found in the rodent
(Martin et al 1991). While incompletely studied, there appears to be a significant degree of
homology between the human and Macaque (Old World monkeys) in terms of the organization
and histochemical characteristics of the amygdala as a whole (DeOlmos 1990; Heimer et al
1999; Martin et al 1991). In general, the basolateral complex, which accounts for most of the
amygdala’s size, is disproportionately expanded in primates compared to other species, and
parallels the massive expansion of the cortex, its main afferent source (Barton et al 2003;
Stephan et al 1987).

The relative densities of 5-HTT labeled fibers in specific amygdaloid nuclei of the Macaque
have been previously assessed using radiolabeled serotonin selective reuptake inhibitors ([3H]
citalopram) (Smith et al 1999). [3H]Citalopram specifically binds 5-HTT, and can therefore
be used to quantify the relative amount of this molecule in each nuclear region. While less
sensitive for detailing the precise anatomic distribution of 5-HTT, [3H]citalopram binding
provides an important quantifiable measure of 5-HTT activity in specific brain regions. Using
this technique, Smith et al (1999) found the densest SSRI binding in the central nucleus, and
relatively lower levels of binding in the lateral, basal, medial, and accessory basal nuclei,
consistent with our immunocytochemical results. In addition there was differential activity in
the accessory basal nucleus with activity in the magnocellular subdivision higher than that in
the parvocellular division, further supporting the differential pattern of 5-HTT innervation
found in the present study.

Functional Implications

Neurotransmission—The localization of 5-HTT labeled fibers within specific amygdaloid
subdivisions has implications for the modulation of specific circuits. The basal, accessory
basal, and lateral nuclei of the ‘basolateral complex’ are the main receiving nuclei. These nuclei
are composed of pyramidal projection neurons containing glutamate, and nonpyramidal cells
(interneurons) which contain GABA (Fuller et al 1987; McDonald and Augustine 1993).
Sensory association afferents from the temporal cortex project to the lateral nucleus, and this
information is in turn channeled to the basal and accessory basal nuclei (Aggleton et al 1980;
Pitkanen and Amaral 1998; Turner et al 1980). Sensory association information is then further
modulated by excitatory inputs from the orbital and medial prefrontal cortex and hippocampus
(Aggleton 1986; Carmichael and Price 1996; Ghashghaei and Barbas 2002; Rosenkranz and
Grace 2001; Saunders et al 1988). 5HT, arising from projections in the dorsal raphe, modulates
these excitatory inputs, an effect that is blocked by GABA antagonists (Imai et al 1986; Jacobs
et al 1978; Koyama et al 1999; Rainnie 1999; Stutzmann and LeDoux 1999; Wang and
Aghajanian 1977). This suggests that SHT stimulates GABA interneurons, which in turn damp
excitatory responses in the basolateral amygdala projection neurons. The fine meshwork of 5-
HTT fibers found throughout the basolateral complex indicates that serotonergic modulation
of inhibitory tone is important to the normal processing of information in these receiving nuclei.

Although the receptor profile mediating 5SHT transmission in the amygdala is far from
delineated, the distribution of the SHT1A receptor, which is a somatodendritic postsynaptic
receptor in brain regions outside the dorsal raphe (Pompeiano et al 1992), shows some striking
parallels to the distribution of 5-HTT labeled fibers, based on human ligand binding studies
(Ohuoha et al 1993; Pazos et al 1987). Like the distribution of SHTT in the present results,
[3H]8-OH-DPAT, a 5SHT1A ligand, is highly concentrated in the ‘granular’ subregion
(corresponding to the parvicellular basal nucleus and paralaminar nucleus), and the ‘transitory
zone’ (in the region of the amygdalohippocampal area), with more intermediate levels in the
basal, accessory basal and lateral nucleus. Chronic SSRI treatment results in increased synaptic
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5HT mediated by desensitization of SHT1A autoreceptors in the raphe. Subsequently,
enhanced 5HT levels result in altered neurotransmission, at least in the rat hippocampus, since
5HT1A post-synaptic receptors in this region do not desensitize (Chaput et al 1986; de
Montigny and Blier 1984; Haddjeri et al 1998). The availability of SHT1A receptors in
amygdaloid subregions (Ohuoha et al 1993; Pazos et al 1987; Pompeiano et al 1992) which
also express high concentrations of 5SHTT labeled fibers (present results) suggests an anatomic
substrate for how increased 5HT levels in specific amygdaloid nuclei might similarly affect
5HT1A-mediated neurotransmission. Whether the 5HT1A hypothesis of antidepressant
efficacy can be broadened to include specific amygdaloid subregions, however, remains to be
tested.

The basolateral complex sends excitatory projections to the central nucleus, a key ‘effector
site’ that mediates fear responses via inputs to the brainstem and hypothalamus (Aggleton
1985; Fudge and Haber 2000; Hopkins 1975; Price and Amaral 1981). The intercalated islands,
which are interposed between the basolateral complex and central nucleus (Millhouse 1986),
play an important role in regulating he flow of information from the basolateral complex to
central nucleus outputs. The intercalated islands are inhibitory (GABAergic), modulating the
flow of excitatory information from the basolateral complex to the central nucleus, in an
arrangement known as ‘feed forward inhibition’ (Collins and Pare 1999; Royer et al 1999). In
this way, the intercalated islands serve as a ‘fine tuning’ inhibitory mechanism to gate
emotionally relevant information reaching both the medial and lateral subdivisions of central
nucleus. The strong 5-HTT-positive innervation of the intercalated islands suggests that tight
control of serotonin transmission is important in this gating function. Finally, the central
nucleus is itself internally organized such that the lateral subdivision exerts an inhibitory input
to the medial subdivision (Pitkanen and Amaral 1994; Pitkanen et al 1997), which is the main
output to the brainstem and hypothalamus (Applegate et al 1983; Kapp et al 1982). The
presence of very high 5-HTT-positive fibers in the lateral subdivision of the central nucleus
suggests that tight regulation of serotonin transmission is an important modulator of inhibitory
interface from the lateral central nucleus to the medial subdivision (Figure 6). Thus SHTT
appears to be important in modulating several important sites that inhibit medial central nucleus
outputs, namely, the intercalated islands and the lateral core of the central nucleus.

The central nucleus is the final relay out of the amygdala to the brainstem, mediating defensive
responses to conditioned fear stimuli in animal models (Davis et al 1994; Hitchcock and Davis
1986; Kalin et al 2004; Winslow et al 2002). In humans, the ‘dorsomedial

amygdala’ (corresponding to the central nucleus) is activated by switches from neutral to
emotionally charged facial expressions (Breiter et al 1996; Etkin et al 2004; Liberzon et al
2003; Whalen et al 1998), and is also activated by graded increases in the intensity of emotional
stimuli (Breiter et al 2001; Taylor et al 2000; Thomas et al 2001). Abnormalities in serotonin
levels significantly affect the recognition of fearful facial expressions and startle responses,
suggesting a key role of serotonin in this amygdaloid subregion (Bhagwagar et al 2004; Harmer
et al 2004). Consistent with this, recent studies show that genetic variability in the promotor
region of the serotonin transporter gene (serotonin transporter linked polymorphic region,
HTTLPR) is associated with anxiety-related traits and may be a contributor to vulnerability to
depressive illness (for review see Lotrich and Pollock 2004). Carriers of the ‘S’ (short) allele
are thought to have lower 5-HTT protein levels relative to ‘L’ (long) allele homozygotes,
indicating an impaired presynaptic regulation of serotonin (Heinz et al 2000; Lesch et al
1996). ‘S’ allele homozygotes and carriers also have increased amygdaloid activation in dorsal
amygdala (in an area coinciding with the central nucleus), suggesting that alterations in
serotonin reuptake in this region mediate this response (Hariri et al 2002). The central nucleus
contains among the highest concentration of 5-HTT immunoreactive fibers in the amygdala
based on the present results and previous binding studies (Smith et al 1999). Given the dense
concentration of 5-HTT containing fibers in the normal central nucleus, functional
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abnormalities resulting from changes in 5-HTT levels (due to polymorphisms or other causes)
would be expected to be most sensitively detected in this amygdaloid area.

Neuroplasticity—The concept of mood disorders as resulting from aberrant
neurotransmission has been recently expanded, given new knowledge about changes in
intracellular signal transduction and gene expression patterns resulting from antidepressant
therapy (for review see Duman 1998). Since mood and anxiety disorders are linked to chronic
stress, reductions in brain volume associated with these disorders are hypothesized to be
manifestations of accumulated stress events, mediated in part by glucocorticoids (Kaufman et
al 2000). Since 5HT mediates a number of growth-related processes including neuronal
proliferation, differentiation, migration, and synaptogenesis, it is hypothesized that
serotonergic enhancement may help restore neuronal architecture, and even function, in
affected brain regions (see reviews by Gaspar et al 2003; Azmitzia 2001). For example, brain-
derived neurotrophic factor (BDNF) is one of the growth factors known to be induced by SSRIs
(Nibuya et al 1995; Vaidya et al 1997), but this effect has been mainly established in rodent
hippocampus. Similarly, neurogenesis induced by SSRIs and other antidepressant treatments
has mainly been examined in hippocampal sites as well (Malberg et al 2000; Santarelli et al
2003). However, alterations in both hippocampal and amygdaloid volumes occur in depressed
patient populations (Bremner et al 2000; Frodl et al 2003; Mervaala et al 2000; Sheline et al
1996, 1998). These morphologic changes implicate the amygdala, as well as the hippocampus,
as a substrate for the deleterious effects of stress, and the potential trophic effects of serotonin,
in higher primates (Drevets et al 2002a, 2002b; Sheline et al 2001).

Consistent with the hypothesis that the amygdala may also be a site for trophic effects of SSRIs
and other mood stabilizers, our group and others have recently found that immature-appearing
neurons exist in the amygdala of normal adult human and nonhuman primates. Bcl-2, a protein
that has dual neuroprotective and neurotrophic properties, is abundantly expressed in these
relatively undifferentiated cells (Bernier and Parent 1998; Fudge 2004; Yachnis et al 2000).
Moreover, immature-appearing bcl-2 positive cells are specifically distributed in the
parvicellular basal nucleus/paralaminar nucleus, intercalated cells islands, periamygdaloid
cortex and amygdalohippocampal area—regions that have relatively high concentrations of 5-
HTT labeled fibers based on the present results (Fudge 2004). The fact that amygdaloid
subregions that contain relatively undifferentiated cellular components receive a significant
innervation by the serotonin system suggests that serotonin may be one upstream regulator of
intracellular cascades involved in cellular growth and differentiation in these cells. Serotonin
can potentially mediate transcription of bcl-2 via stimulation of adenylyl cyclase-linked
pathways and their associated S5HT receptors, or via serotonin receptors linked to calcium-
dependent kinase cascades (for review see Duman et al 1999). Another possible mechanism
for bel-2 expression is its secondary induction by BDNF (Riccio et al 1999), after BDNF
upregulation by SHT. Experiments aimed at detecting co-localization of serotonin receptor
subtypes with their intracellular targets will lay the groundwork for determining how specific
amygdaloid circuits utilize serotonin for trophic support, and how SSRIs can influence these
circuits.

Conclusion

The serotonin system and the amygdala are associated with functional abnormalities in
depressive illnesses. However, normal distribution of 5-HTT containing fibers in the amygdala
of higher primates has not previously been clarified. The present study shows that 5-HTT
containing fibers are found throughout the primate amygdala, with differential densities in
specific subregions. The central nucleus and intercalated islands show relatively high levels of
5-HTT/5HT in Macaques compared to lower species. In addition, 5-HTT positive fibers

Biol Psychiatry. Author manuscript; available in PMC 2008 June 11.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

O’Rourke and Fudge

Page 10

overlap in amygdaloid subregions previously shown to contain immature neurons in higher
primates, suggesting a trophic role.
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Figure 1.

AChE stained sections show the various amygdaloid nuclei at four rostrocaudal levels. The
section in (A) is the most rostral. AAA, anterior amygdaloid area; AC, anterior commissure;
Abmc, accessory basal nucleus, magnocellular subdivision; Abpc, accessory basal nucleus,
parvicellular subdivision; Abvm, accessory basal nucleus, ventromedial; ACA,
amygdaloclaustral area; AHA, amygdalohippocampal area; Astr, amygdalostriatal area; Bi,
basal nucleus, intermediate subdivision; Bmc, basal nucleus, magnocellular subdivision; Bpc,
basal nucleus, parvicellular subdivision; CeL, Central nucleus, lateral core subdivision; CeM,
central nucleus, medial subdivision; ClI, claustrum; CoA, cortical nucleus, anterior subdivision;
CoP, cortical nucleus, posterior subdivision; L, lateral nucleus; M, medial nucleus; PAC,
periamygdaloid cortex; Str, striatum; V, ventricle.
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Figure 2.

Hand-drawn charts of 5-HTT labeled sections through the rostrocaudal extent of the amygdala
(case J1). AAA, anterior amygdaloid area; AC, anterior commissure; Abmc, accessory basal
nucleus, magnocellular subdivision; Abpc, accessory basal nucleus, parvicellular subdivision;
Abvm, accessory basal nucleus, ventromedial; ACA, amygdaloclaustral area; AHA,
amygdalohippocampal area; Astr, amygdalostriatal area; Bi, basal nucleus, intermediate
subdivision; Bmc, basal nucleus, magnocellular subdivision; Bpc, basal nucleus, parvicellular
subdivision; CeL, Central nucleus, lateral core subdivision; CeM, central nucleus, medial
subdivision; Cl, claustrum; CoA, cortical nucleus, anterior subdivision; CoP, cortical nucleus,
posterior subdivision; IC, intercalated cell islands; Ldm, lateral nucleus, dorsomedial
subdivision; Lvl, lateral nucleus, ventrolateral subdivision; M, medial nucleus; PL, parlaminar
nucleus; Str, striatum; V, ventricle.
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Figure 3.

(A) Photomicrograph of 5-HTT-positive fibers (brown) densely innervating an intercalated
island (arrows). The basal nucleus to the left, and lateral nucleus to the right, both contain a
lighter innervation by 5-HTT labeled fibers. The island is interposed between the basal and
lateral nucleus which have larger, less densely packed cells (boxed area of the schematic shows
position of the intercalated island). (B) Photomicrograph of 5-HTT labeled fibers (brown) in
a Nissl stained caudal section through the amygdala. Labeled fibers in the paralaminar nucleus
near the lateral ventricle extend to the ependymal lining (arrows). Bmc, basal nucleus,
magnocellular subdivision; PL, paralaminar nucleus; V, ventricle; E, ependymal lining of
ventricle; L, lateral nucleus; H, hippocampus; IC, intercalated cell islands; Str, striatum.
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Figure 4.

Low power photomicrographs of 5-HTT labeled (A) and 5-HT labeled (B) adjacent sections.
Labeling patterns are similar but 5-HT immunoreactivity is less distinct, presumably because
serotonin is also located in the extracellular space and glia. Note the relatively dense
immunoreactivity in the central nucleus. The dorsal medial nucleus contains more
immunoreactivity for both molecules than the ventral medial nucleus (*).
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Figure 5.

(A) The amygdalohippocampal area and paralaminar nucleus in the caudal amygdala contain
a high density of 5-HTT labeled fibers. (B) is an adjacent Nissl stained section. AHA,
amygdalohippocampal area; AB, accessory basal nucleus; PL, paralaminar nucleus; V,
ventricle; H, hippocampus; Str, striatum.
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to brainstem/hypothalamus
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Figure 6.

Intrinsic inputs from the basolateral complex to the central nucleus (modified with permission
from Pare et al (2003). The intercalated islands (gray dots) serve as feed forward inhibitors of
excitatory inputs from the basolateral complex to the central nucleus. The central nucleus, and
the intercalated islands which modify its inputs, are both densely innervated by 5-HTT. Open
circles/triangles are excitatory circuits; closed circles/triangles are inhibitory. CeM, central
nucleus, medial subdivision; M, medial nucleus; Abmc, accessory basal nucleus,
magnocellular subdivision; CeL, Central nucleus, lateral core subdivision; Str, striatum; Bmc,
basal nucleus, magnocellular subdivision.
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Relative Densities of 5-HTT Labeled Fibers in Amygdaloid Nuclei
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Nuclear Regions

5-HTT Labeled Fibers

Basal Nucleus
Magnocellular subdivision
Parvicellular subdivision
Intermediate subdivision
Paralaminar nucleus

Lateral Nucleus
Ventrolateral subdivision
Dorsomedial subdivision

Accessory Basal Nucleus
Magnocellular subdivision
Parvicellular subdivision
Ventromedial subdivision

Corticomedial Amygdala
Anterior cortical nucleus
Medial nucleus?
Posterior cortical nucleus
Periamygdaloid cortex

Central Nucleus
Lateral subdivision
Medial subdivision

Amygdalohippocampal Area

Intercalated Cell Islands

+-+++

o+t

+-++

ottt

++

+++

+++

+++

+++

++++
++

++++
++++

Relative density of labeled fibers: + light, ++ moderate, +++ moderately heavy, ++++ heavy.

a -
Except dorsal, rostral sector (see Figure 4).
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